Abstract: Micro light emitting diode (µLED) displays have been in development since 2017, aimed for application in 2020. However, when using three-color, i.e., red, blue, and green LEDs, or blue LEDs that excite red and green phosphors, many challenges arise in mass production, cost, and quality. Our group has devised an ultraviolet (UV)-excited red, green, and blue (RGB) display that excites red, green, and blue phosphors using UV-LEDs. This paper studies how the composition and crystal defects of a light-emitting layer affect the luminous efficiency of a UV µLED chip from the perspective of internal quantum efficiency (IQE). It was confirmed that the luminous efficiency improves by making the LED chips in the near ultraviolet range µ-size. The UV µLED chip emitting at 385 nm exhibited a more linear output than a 400-nm purple µLED chip.
Introduction
Recently, organic Electro Luminescence (EL) displays are being increasingly adopted in smartphones. This material functions as a self-luminous display, which requires no backlight, and boasts excellent contrast in addition to a wide viewing angle. However, owing to low color reproducibility and concerns regarding durability in high-temperature environments, research and development of micro light emitting diode (μLED) displays is still ongoing [1, 2] . In a μLED display, the sub-pixels for colors R (red), G (green), and B (blue) independently emit light, power consumption is low, and the inorganic material is durable over a long lifetime. In particular, μLED displays are deemed useful for applications in wearable devices, in which flexibility and power consumption are important. However, the realization of μLED displays faces many challenges. μLED chips are 10-20 μm 2 in size, and a smartphone display requires 2 million pieces of micro LEDs. Moreover, the μLED needs to emit all three colors uniformly with linear control of intensity. Productivity and cost are also important. Display systems with three different LEDs, shown in Figure 1a [3] , or a blue LED system in which red and green (RG) phosphors are excited by the blue LED shown in Figure 1b [4] are mainstream. Our group is developing an ultraviolet (UV)-excited RGB system that excites red, green, and blue phosphors using underlying UV-LEDs, as shown in Figure 1c [5] . In the three-LED system, Al x In y Ga 1-x-y N is grown on a sapphire substrate to form blue and green LEDs, whereas Al x In y Ga 1-x-y P is generally grown on a GaAs substrate to form the red LED; however, microchips cannot be fabricated in this manner because the materials are fragile. This challenge led to the development of GaN-based red LEDs [6, 7] . Although InGaN-based blue LEDs have been reported to achieve external quantum efficiency (EQE) of 80% or more [8] , the EQE of InGaN-based green LEDs is still about 30% [9] . Because of droop [10] , the green LED exhibits much lower luminous efficiency than the blue LED [11] . Additionally, even if these problems are addressed, synchronous control may be complicated because the band gaps, driving voltages, and reaction speeds are different for the different colors. Furthermore, though the problem of mounting can be avoided by unifying the structure with a blue LED if we adopt an InGaN blue LED + RG phosphor system, this raises difficulties in achieving color balance and synchronization because the blue LED is self-luminous and the red and green LEDs are excited by a blue light; in this case, the light intensities are significantly different and some differences in reaction speeds are also expected. In the UV-LED + RGB phosphor system where each RGB color is realized by exciting phosphors using a UV-LED with a wavelength of 385 nm, the inside of the RGB element is a flip chip with the same AlInGaN material and the same lateral chip-electrode structure, and these features decrease the difficulty of mounting. Furthermore, as the luminescent efficiency of the phosphor material is improved on the side having shorter wavelength, the range of available RGB phosphor materials broadens. UV light from a UV-LED contains some purple but does not greatly affect the excitation light color, and the high color reproducibility due to high excitation efficiency simplifies the achievement of color balance, synchronization, and controllability [12, 13] . This article reports tests of the internal quantum efficiency (IQE) to reveal how the material, composition, and structure of UV µLEDs affects performance characteristics in the near-UV region.
Materials and Methods
Using Metal Organic Chemical Vapor Deposition (MOCVD) originally designed in-house equipment, four wafers for wavelengths of 385 nm and 400 nm were grown on a sapphire substrate and Patterned Sapphire Substrate (PSS) (Figure 2 ). Although the basic epitaxial structure is the same, the In composition of the InGaN light-emitting layer differs. In addition, super-lattice structures (n-SLS and p-SLS) were included with the 385-nm chip to increase the n-type and p-type carriers. The specification of the sapphire substrate is C-plane 0.2 degree off and the PSS (Figure 3 In the three-LED system, AlxInyGa1-x-yN is grown on a sapphire substrate to form blue and green LEDs, whereas AlxInyGa1-x-yP is generally grown on a GaAs substrate to form the red LED; however, microchips cannot be fabricated in this manner because the materials are fragile. This challenge led to the development of GaN-based red LEDs [6, 7] . Although InGaN-based blue LEDs have been reported to achieve external quantum efficiency (EQE) of 80% or more [8] , the EQE of InGaN-based green LEDs is still about 30% [9] . Because of droop [10] , the green LED exhibits much lower luminous efficiency than the blue LED [11] . Additionally, even if these problems are addressed, synchronous control may be complicated because the band gaps, driving voltages, and reaction speeds are different for the different colors. Furthermore, though the problem of mounting can be avoided by unifying the structure with a blue LED if we adopt an InGaN blue LED + RG phosphor system, this raises difficulties in achieving color balance and synchronization because the blue LED is self-luminous and the red and green LEDs are excited by a blue light; in this case, the light intensities are significantly different and some differences in reaction speeds are also expected. In the UV-LED + RGB phosphor system where each RGB color is realized by exciting phosphors using a UV-LED with a wavelength of 385 nm, the inside of the RGB element is a flip chip with the same AlInGaN material and the same lateral chip-electrode structure, and these features decrease the difficulty of mounting. Furthermore, as the luminescent efficiency of the phosphor material is improved on the side having shorter wavelength, the range of available RGB phosphor materials broadens. UV light from a UV-LED contains some purple but does not greatly affect the excitation light color, and the high color reproducibility due to high excitation efficiency simplifies the achievement of color balance, synchronization, and controllability [12, 13] . This article reports tests of the internal quantum efficiency (IQE) to reveal how the material, composition, and structure of UV μLEDs affects performance characteristics in the near-UV region.
Using Metal Organic Chemical Vapor Deposition (MOCVD) originally designed in-house equipment, four wafers for wavelengths of 385 nm and 400 nm were grown on a sapphire substrate and Patterned Sapphire Substrate (PSS) (Figure 2 ). Although the basic epitaxial structure is the same, the In composition of the InGaN light-emitting layer differs. In addition, super-lattice structures (n-SLS and p-SLS) were included with the 385-nm chip to increase the n-type and p-type carriers. The specification of the sapphire substrate is C-plane 0.2 degree off and the PSS (Figure 3 For the eight types of μLED chips with four different substrates and emission wavelengths, before dicing the chips as shown in Figure 6 , the needles of the prober were connected with the p Eight types of chips were fabricated on the four types of wafers to compare changes in characteristics on the basis of size. Figure 4 illustrates the corresponding process steps. For the eight types of μLED chips with four different substrates and emission wavelengths, before dicing the chips as shown in Figure 6 , the needles of the prober were connected with the p For the eight types of μLED chips with four different substrates and emission wavelengths, before dicing the chips as shown in Figure 6 , the needles of the prober were connected with the p For the eight types of µLED chips with four different substrates and emission wavelengths, before dicing the chips as shown in Figure 6 , the needles of the prober were connected with the p electrode and the n electrode of the chip formed on the wafer such that the emission spectrum, voltage transition vs. injection current (I-V characteristics), and emission intensity vs. injection current (I-L characteristics) could be measured. The light that passed through the substrate having a thickness (140 µm) several times as large as the chip was measured using a spectrometer located at a fixed distance from the substrate; hence, relative differences in intensity caused by the differences in size could be accurately understood even though the measured value was relative intensity. In addition, the current density used in the measurements was kept constant to consider the size difference in equal terms. Furthermore, crystallinity was evaluated via X-Ray Diffraction (XRD) and Atomic Force Microscope (AFM), and the relationship with efficiency was also analyzed.
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Figure 6.
Measurement method with prober.
Results

Emission Spectrum
The emission spectra of μLED chips of eight different sizes that emit at 385 nm and 400 nm on a sapphire substrate and PSS were measured at a current density of 25.5 A/cm 2 . In the emission spectra shown in Figure 7 , the spectra are mostly identical for all chip sizes. In addition, the substrate had no effect on the emission waveform. However, owing to the difference in wavelength, the emission intensity differed at the deep level of GaN, i.e., around 500-550 nm. A chip emitting at 385 nm should include a wavelength band near the band gap (3.4 eV: 365 nm) of GaN; that light in the active layer excites the GaN layer and increases the light emission intensity around 500-550 nm. 
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(a) (b) Current Density 【A/cm 2 】 Intensity 【 a.u.】 Figure 9 . VF characteristics of chips at a current density 25.5 A/cm 2 . Figure 10 shows the measured I-L characteristics as the current density was increased from 25.5 A/cm 2 to 357.1 A/cm 2 . Despite the droop phenomenon because of which luminous efficiency decreases as the current density increases, relatively good characteristics were observed from all chips. Interestingly, as the current density increases, the EQE tended to decrease in the 400-nm chips. Figure 10 shows the measured I-L characteristics as the current density was increased from 25.5 A/cm 2 to 357.1 A/cm 2 . Despite the droop phenomenon because of which luminous efficiency decreases as the current density increases, relatively good characteristics were observed from all chips. Interestingly, as the current density increases, the EQE tended to decrease in the 400-nm chips.
(a) (b) Chips fabricated on a PSS substrate displayed better I-L characteristics than those on the sapphire substrate. To verify the results, samples with the structure shown in Figure 2 were grown up to the final InGaN layer of Multi Quantum Well (MQW)s for wavelengths of 385 and 400 nm. These samples were measured for In composition and crystallinity of the light-emitting layer via XRD. Table 1 and Figure 11 show the results of the XRD measurements. The compositions of the luminescent layer (InGaN), were In0.08Ga0.92N for 385 nm, and In0.13Ga0.87N for 400 nm. The XRD full width at half maximum (FWHM) (0002) was narrower in the PSS-substrate chips were narrower than the sapphire-substrate chips. Chips fabricated on a PSS substrate displayed better I-L characteristics than those on the sapphire substrate. To verify the results, samples with the structure shown in Figure 2 were grown up to the final InGaN layer of Multi Quantum Well (MQW)s for wavelengths of 385 and 400 nm. These samples were measured for In composition and crystallinity of the light-emitting layer via XRD. Table 1 and Figure 11 show the results of the XRD measurements. The compositions of the luminescent layer (InGaN), were In 0.08 Ga 0.92 N for 385 nm, and In 0.13 Ga 0.87 N for 400 nm. The XRD full width at half maximum (FWHM) (0002) was narrower in the PSS-substrate chips were narrower than the sapphire-substrate chips. Figure 11 . XRD Spectrum of Last-InGaN. Figure 12 shows the AFM observations of the InGaN surface (the final layer of MQW). The dislocation density in the 385-nm chip on sapphire was 2.12 × 10 8 cm −2 , the dislocation density in the 385-nm chip on PSS was 1.72 × 10 8 cm −2 , the dislocation density in the 400-nm chip on sapphire was 2.52 × 10 8 cm −2 , and the dislocation density in the 400-nm chip on PSS was 1.08 × 10 8 cm −2 . Figure 13 shows the method and measurement results of emission intensity when applying a current density of 25.5 A/cm 2 with the prober. Regardless of the sapphire substrate and PSS, higher emission intensities than 385 nm were obtained at 400 nm from all chip sizes. In addition, when compared with the chips fabricated on the sapphire substrate, the emission intensity was found to be larger in the chips fabricated on the PSS substrate. This finding confirmed that the emission intensity increases by about 1.5 times even if the chip size is reduced, and we can ensure the luminous efficiency of a PSS-substrate chip even in a UV μLED chip that is 50 μm or smaller in size. Table 2 and Figure 14 show the XRD measurement results for 385-nm and 400-nm chips grown on the sapphire substrate and PSS. Figure 12 shows the AFM observations of the InGaN surface (the final layer of MQW). The dislocation density in the 385-nm chip on sapphire was 2.12 × 10 8 cm −2 , the dislocation density in the 385-nm chip on PSS was 1.72 × 10 8 cm −2 , the dislocation density in the 400-nm chip on sapphire was 2.52 × 10 8 cm −2 , and the dislocation density in the 400-nm chip on PSS was 1.08 × 10 8 cm −2 .
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Discussion
As the results of the I-L characteristics, the EQE decreased at the 400-nm chip with increasing current as compared with 385 nm. Since the density of In in the light-emitting layer (InGaN) is larger at 400-nm chip, the IQE is higher due to the effect of nonuniformity of In composition. However, the crystallinity of InGaN is poor because the content of In is large. Therefore, when the current is increased, the influence of crystal defects in the light emitting layer increases non-radiative recombination, and the IQE decreases.
The result of emission intensity shows that if the chip is fabricated at microscale, the radiative recombination rate is not affected by the nonuniformity of In composition. Interestingly, as the chip size decreases, the emission intensity tends to increase. This unexpected trend may be explained by the shorter distance of the diffusion current in smaller chips, which would improve the activity of emission recombination and improve the IQE.
Based on the results shown in Table 2 and Figure 14 , the XRD FWHM is narrower in the (10-12) plane of the n-contact layer in the chip grown on the PSS, it is thought that dislocations of the n-contact layer are reduced. The light emitting layer (InGaN) grown thereon has a reduced dislocation density and improved crystallinity ( Figure 12) . As a result, the IQE is improved, and by extension, the luminescence intensity improves.
Conclusions and Further Work
The development of μLED displays has rejuvenated interest in IQE. Cost is a central concern for industrial applications, and the widespread adoption of LED lighting has encouraged improvement in the light extraction efficiency of InGaN-type LEDs. In contrast, for LEDs emitting in the UV region, usually used as substitutes for UV lamps, the development of a crystal structure that improves IQE has proceeded without regard for cost. As a result, the EQE of mass-produced 
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Conclusions and Further Work
The development of µLED displays has rejuvenated interest in IQE. Cost is a central concern for industrial applications, and the widespread adoption of LED lighting has encouraged improvement in the light extraction efficiency of InGaN-type LEDs. In contrast, for LEDs emitting in the UV region, usually used as substitutes for UV lamps, the development of a crystal structure that improves IQE has proceeded without regard for cost. As a result, the EQE of mass-produced UV-LEDs from our company, which emit around 385 nm, exceeds 60%, which is equivalent to that of a blue LED, the efficiency of which is enhanced by the fluctuation of In composition. Red LEDs have just entered development using other materials to reduce their dimensions to the microscale, and green LEDs face an urgent need to solve the efficiency droop effect. However, these problems are easily solved with the method of RGB phosphor and UV-LEDs, so UV-µLED Display may lead others. In the future, to improve the IQE of µLEDs, researchers will need to carefully consider the material, chip size, wavelength, current, and other parameters. This study validated evidence regarding the IQE of these chips through tests of micro-sized LED chips that emit in the near-UV wavelength range. Measurements of emission spectra and I-V and I-L characteristics confirmed that desirable electrical characteristics were obtained regardless of the substrate and that the characteristics become more stable when the UV-LED is downsized to form a µLED. This work was made possible through continuous effort over many years to improve crystalline quality, unevenness in composition, and to reduce internal absorption to improve IQE. Funding: This research received no external funding.
